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Abstract 
Induction motor (IM) variable speed drive efficiency is essential for a few reasons as energy conservation, economic 
saving and lessening of ecological contamination. This research represents a study of the efficiency improvement for 
the developed hybrid fuzzy-fuzzy controller (HFFC) scheme to gain control over the speed of an induction motor’s 
variable speed drive (VSD). In order to overcome drawback of field oriented control (FOC) method, the principle of 
HFFC is based on set of rules to control speed of a rotor by utilizing fuzzy frequency controller during the accelerate-
decelerate stage. Alternatively, a fuzzy stator current magnitude controller is used during steady-state stage. The two 
aspects (current and frequency) of FOC are engaged to design a scalar controller. The performance of the controller is 
observed by conducting a series of tests, and it can be concluded that the controller is efficient, reliable and 
insensitive towards the parameter variation in the system and motor robustness to load and noise disturbances. 
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1. Introduction 
Induction motor VSD efficiency is essential for energy conservation, economic saving and lessening of 
ecological contamination [1]. During the last forty years the induction motors have been largely utilized in 
the applications that use variable speed. In industry, the term ‘workhorse’ is used to refer to the induction 
motor [2,3]. The FOC or the vector control was considered as the most significant inventions in the AC 
motor drives [3]. Also, Fuzzy Logic was presented in 1965 as a novel kind of mathematical set 
approached by Zadah [4]. As the continuous improvement on the control aspects of variable speed drive 
(VSD), several research studies exist that are based on the control techniques and commercially available 
tools which yield a high degree of performance and reliability. For example in [5] the PLC based hybrid-
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fuzzy control for PWM-driven VSD was examined that depends upon the s-domain transfer function in a 
scientifically presented model of an original plant, by keeping the V/f ratio at a constant value. However 
in [5], the optimizations of the controller's performance, against the parameter variation, and external 
disturbances were not fully considered. Consequently, the disadvantages of FOC method and the results 
gained from the simulation have been overcome by an implementation of the two stage controllers in [6–
8], though all the practical implementations were quite satisfactory. Moreover, the satisfactory results 
have been gained by applying suitable controller algorithms on controlling the speed of an IM [9,10]. The 
primary emphasis of this study is on the implementation of a fuzzy current amplitude controller on the 
induction motor model, which makes this work unique. This controller possesses the same supply features 
as FOC [6] and is insensitive to the parameter variation of the motor, with system robustness to noise and 
load disturbances is one of the advantages of this controller. Due to the fact that it provides better 
performance, the fuzzy current amplitude controller has been selected. 
  
Nomenclature 
݅ௗ௦ǡ ݅௤௦ d- and q-axis stator current modules, respectively and expressed in a stationary reference frame  
ܮெ Magnetizing inductance 
ܮ௦ǡ ܮ௥  Self-inductance of the rotor and stator respectively 
ݎ௦ǡ ݎ௥        The resistance of a rotor and stator phase winding respectively 
௘ܶ ǡ ௟ܶ       Load torque and Electromagnetic torque replicated on the motor shaft respectively 
ߣௗ௦ǡ ߣ௤௦  d- and q-axis stator flux components, respectively and expressed in a stationary reference frame 
ߣௗ௥ǡ ߣ௤௥  d- and q-axis rotor flux components, respectively and expressed in a stationary reference frame 
߱௠ǡ߱௥    Mechanical and electrical angular rotor speed respectively 
߱            Synchronous speed or dominant frequency 
ܲǡ ܬǡ ܤ     Number of pairs of poles, the inertia of the rotor ሺଶሻ, and the damping constant respectively        
2. Mathematical Modeling 
The equations (1)-(3) provide the state-space model of an induction motor in a stationary frame with a 
controlled stator current [11,12].  
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The two features for the FOC that have been used in this study are shown in Eq. (1) to (3). The first 
aspect is that the supply frequency changes with the speed of the rotor, [11], is given by Eq. (4). 
                                       ߱ ൌ ߱௥ ൅ ௉ଶ ߱௠      where,       ߱௥ ൌ
ଷ௥ೝ்೗כ
௉ఒ೏ೝ೐
כ మ                                                   (4) 
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If (ܶכ) is kept constant throughout the acceleration-deceleration stage, then (߱௥) is also constant and 
from Eq. (4) as (߱௠) changes during accelerate-decelerate stage, then (߱) should vary. So that Eq. (4) is 
satisfied for the first feature.  The Eq. (5) proves the second feature as follows: 
            ȁୱȁ ൌ ଶଷටୢୱଶ ൅ ୯ୱଶ    where,   ୢୱ ൌ
஛ౚ౨౛
୐౉ ൌ     and,     ୯ୱ ൌ
ଷ୐౨୘כ
୔୐౉஛ౚ౨౛
כ                                    (5) 
The Eq. (5) will be constant if the torque command (ܶכ) is constant, which satisfies the second feature.  
Fig. 1(a) shows that a speed response may be divided into two stages. For the HFFC, Table 2 shows the 
relationship between the inputs and outputs. The related parameters of IM are follows: 
ݎ௦ ൌ ʹͻǤͶ ൈ ͳͲିଶߗ ݎ௥ ൌ ͳͷǤ͸ ൈ ͳͲିଶߗ ܮ௦ ൌ ͶʹǤͶ ൈ ͳͲିଷܪ ܮ௥ ൌ ͶͳǤ͹ ൈ ͳͲିଷܪ 
ܮெ ൌ Ͷͳ ൈ ͳͲିଷܪ ܬ ൌ ͶͲǤͲ͸ ൈ ͳͲିଶ݇݃Ǥ݉ଶ ܤ ൌ ͲǤͲ͸ʹܰǤ݉Ǥ ݏ ݎܽ݀Τ  ܲ ൌ ͵ 
3. Design of Controller 
3.1. Fuzzy current amplitude controller 
In the stage of accelerate-decelerate, the stator current magnitude is regulated as the system is driven 
by the maximum permissible values of an inverter. During the final steady-state period, the speed of the 
rotor is controlled by adjusting magnitude of the stator current, while the supply frequency is kept 
constant. Following equations in [6,11] a relationship between the torque-current in the presence of a 
constant supply frequency can be stated as follows:  
               ȁୱȁ ൌ ൜ͷͲǤͷͶȁୱȁ ൒ ͷͲǤͷͶοɘ୫ ് Ͳȁୱȁȁୱȁ ൏ ͷͲǤͷͶοɘ୫ ൌ Ͳ                                                                 (6) 
The values for the current amplitude are depicted as in Fig. 1 (a) and (b). 
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Fig. 1. (a) Speed response stages; (b) A general block diagram of FLC 
Fig. 1(b) demonstrates the general structure of the FLC, a combination of knowledge base, 
fuzzification, defuzzification and inference engine. A speed error can be computed by comparing the 
reference speed and the speed signal feedback. The fuzzy knowledge base consists of membership 
functions of the inputs of fuzzy controller including the speed reference, change of error and current 
amplitude / slip frequency outputs. 
3.2. Membership functions 
The outputs are defined by a set of nine fuzzy membership function (MF) which are outlined as follows: 
Z: Zero, PS: Positive small, PM: Positive medium, PB: Positive big, NS: Negative small, NM: Negative 
medium, NB: Negative big, PBB: Positive big big, NBB: Negative big big. The inputs and outputs 
include the membership functions as illustrated in Fig. 2 (a), (b) and (c). The Eq. (5) representing the 
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samples of current amplitude of the two stages are shown in Table 3. The fuzzy inputs can be plotted to 
produce the required output via the rules, as shown in Table 4. 
Table 2. HFFC relationship 
 Supply frequency Current amplitude Rotor speed Control Objective 
Acceleration Change Constant Change Speed change 
Steady-state Constant Change Constant Reduce Oscillation 
 
Fig. 2. Membership function of (a) Speed reference; (b) Speed error (c) current amplitude / slip frequency 
3.3. Fuzzy-frequency controller 
A fuzzy frequency control is presented by the frequency aspect of the field orientation principle. At the 
steady state phase, the torque command is a smaller value, whereas, the torque command becomes a 
larger value during the accelerate-decelerate stage. The speed reference and rotor speed represent these 
values [7,11]. Eq. (7) represents the reference and speed error from the inputs of the fuzzy slip control. 
The samples of the slip frequency of the two stages can be obtained by the Eq. (7), which is shown in 
Table 3. The following relations show a slip frequency at a steady-state. 
                          ɘ୰ ൌ ൞
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So that the slip frequency can be written as, 
                                            ߱ ௥ ൌ ݂ሺ߱௠ǡ ο߱௠ሻ                                                                                (8) 
Table 3. Speeds, current amplitude, slip frequency and fuzzy linguistic values 
Stages ߱௠כ ܣ ߱௥  ୅݂ǡ ன݂ೝ  
Deceleration - -50.54 -16.80 NBB 
Steady-state -120 -15.07 -3.6328 NB 
…… -80 -12.79 -2.42192 NM 
…… -40 -11.214 -1.21096 NS 
…… 0 0 0 Z 
…… 40 11.214 1.21096 PS 
…… 80 12.79 2.42192 PM 
…… 120 15.07 3.6328 PB 
Acceleration - 50.54 16.80 PBB 
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4. Outcomes and analysis 
A combination of the fuzzy frequency controller and fuzzy current amplitude controller forms a HFFC. 
This controller provides similar supply frequency as FOC and is insensitive to the parameter variation for 
the motor and system robustness to noise and load disturbances, which are the advantages of this 
controller.  
Table 4. Rule matrix for fuzzy current amplitude / fuzzy slip frequency controller 
 Speed Reference 
Speed Error NB NM NS Z PS PM PB 
NB NBB NBB NBB NBB NBB NBB NBB 
Z NB NM NS Z PS PM PB 
PB PBB PBB PBB PBB PBB PBB PBB 
 
The model of HFFC for an induction motor is produced using Matlab/Simulink, is shown in the Fig. 3 
(a) and (b). 
 
Fig. 3. (a) Simulink diagram of the HFFC; (b) The model diagram of the HFFC 
5. Simulation Results 
A new controller is compared with the field-oriented controller by carrying out a simulation of an 
indirect rotor flux field-oriented controller. The simulation outcomes of the HFFC are presented in Fig. 4 
(a). The two stage control results in faster speed as compare to the other prevalent controllers. The mutual 
inductance and the rotor resistance are expected to be changed to ͵ݎ௥  and ͲǤͺܮெ  respectively to 
demonstrate the insensitivity of the hybrid fuzzy-fuzzy controller to the variation of motor parameters 
(see Fig. 4 (b)). Notably, the speed response to the current noise and with the measured speed illustrates 
that the hybrid fuzzy-fuzzy controller possesses a decent disturbance rejection (see Fig. 4 (c)). 
  
Fig. 4. (a) Speed response of the HFFC; (b) With parameters variation; (c) With noise 
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Furthermore, the study on the impact of magnetic saturation of the induction motor on the controller 
performance, in the induction motor model has also been conducted. Figs. 5 (a) and (b) demonstrate the 
simulation results of the torque and rotor speed responses.  
  
Fig. 5. (a) With the effect of magnetic saturation; (b) Torque with the effect of magnetic saturation; (c) With load changes 
Fig. 5 (c) illustrates the torque response of the fuzzy-fuzzy control system with load torque variation. 
The aforementioned simulation outcomes demonstrate that the larger changes can be accommodated in 
load torque by the fuzzy-fuzzy controller. The minimization of current losses which qualitatively shown 
in the results contribute to energy efficient system. 
6. Conclusions 
This research work represents a study on the efficiency improvement of the developed hybrid fuzzy-
fuzzy controller (HFFC) scheme to gain control over the speed of an induction motor (IM). Henceforth, 
from the exploitation of the two features of the field-oriented control, the fuzzy-fuzzy controller has been 
found to be more efficient than a scalar controller. One of the main benefits of this controller is the supply 
of similar frequency and FOC is insensitive to the parameter variation of the motor and robust to noise 
and load disturbances. This study yields a standard, assessment and examination of the three controllers 
(HFFC, HFPIC and IFOC) under the dynamic conditions. The further work to be considered includes the 
advancement in the production and augmentation of the controllers to improve the IM-VSD performance. 
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